In vivo effects of 300-min infusions of recombinant insulinlike growth factor I (IGF-I) and IGF-II on glucose and protein metabolism have been investigated in awake, fasted lambs. Two doses of recombinant human (rh) IGF-I were infused: 6.7 nmol/ kg * h, which induced hypoglycemia, and 2.0 nmol/kg. h, which did not. The effects were compared with an insulin infusion (0.17 nmol/kg -h) that had the same hypoglycemic potential as the high dose rhIGF-I infusion. rhIGF-II was infused at a rate of 6.7 nmol/kg -h. Primed constant infusions of isotopically labeled glucose, urea and leucine tracers were used to determine glucose and protein kinetics. rhIGF-I lowered blood glucose by increasing the rate of glucose clearance (P < 0.01), in contrast to insulin, which both increased clearance and reduced glucose production. Net protein loss was reduced after infusion of low and high dose rhIGF-I and insulin by 11% (P < 0.05), 15% (P < 0.01), and 12% (P < 0.05), respectively. rhIGF-II infusion did not alter the rate of net protein loss. In contrast to insulin, high dose rhIGF-I infusion increased the rate of protein synthesis in skeletal (P < 0.05) and cardiac muscle (P < 0.01) and in hepatic tissue (P < 0.05).
prising that the three hormones have qualitative similarities in their biological actions (2, 3) . IGF-I and -II have been observed in vitro to increase glucose uptake and to possess antilipolytic activity in cell cultures (4) , but with a molar potency that is considerably less than that ofinsulin (5, 6) . These findings have been reproduced in vivo during IGF-I and -II and insulin infusions in rats (7) and after the administration of IGF-I and insulin bolus injections to human subjects (8) . However, the IGFs have been reported to possess considerably more mitogenic and growth-promoting activity than insulin in in vitro preparations (9) , and to be more effective in accelerating protein synthesis and reducing protein breakdown in L6 myotube cultures (10) . IGF-I has the ability to restore growth in hypophysectomized (1 1, 12) and diabetic rats (13) . Recently it has been reported that acute IGF-I infusions reduce the rate ofwhole body protein catabolism in normal adult rats (14) . It has been suggested that while growth may be primarily mediated by the paracrine production of IGF in tissues, circulating IGF may play a role in coordinating the anabolic state of the organism (15) . IGF-II appears to have some growth promoting potential in hypophysectomized rats, but to be a less potent anabolic agent than IGF-I (16, 17) . The ability ofthe three hormones to interact with each other's receptors and tissue differences in receptor distribution may account for many of the similarities in their biological effects. It has been suggested that whereas the actions of IGF-I on glucose metabolism are mediated by insulin receptors, stimulation of growth by IGF-I is mediated by IGF receptors (18) .
In contrast to insulin, virtually all IGF is noncovalently bound to several distinct forms of specific carrier proteins (19, 20) . The IGF binding proteins greatly extend the plasma halflife of these hormones (21) and may serve a reservoir function, ensuring that small amounts ofIGFs are constantly available to the tissues. Recently, it has been demonstrated that a reduction in plasma binding protein concentration increases the efflux of IGF-I from the plasma compartment to the tissues, demonstrating that binding proteins can influence the availability ofIGF-I to the tissues (22) . While the binding proteins appear to inhibit some IGF-I actions (23) so that only free IGF-I and -II appear to have hypoglycemic activity (7) , there is evidence from in vitro studies that the association of IGF-I with plasma binding protein may enhance mitogenic activity (24, 25) .
There are several studies that report improvement in the nitrogen balance ofseverely septic or injured patients following the administration of human growth hormone (26) (27) (28) . As IGF-I may mediate the anabolic effects of growth hormone, IGF-I may possess some clinical potential in the nutritional support of such critically ill patients who typically have an accelerated rate ofprotein catabolism and who may have some degree of growth hormone resistance (29) . We have therefore undertaken a study ofthe effects on protein and glucose metabolism of a short-term infusion of pharmacological doses of rhIGF-I. The effects ofthis infusion were compared to a molar equivalent dose of recombinant human (rh)IGF-II and to an insulin infusion ofequivalent hypoglycemic potential. A lower dose of rhIGF-I that did not induce hypoglycemia was infused in order to attempt to determine whether there was a difference in the sensitivity of carbohydrate and protein metabolism to IGF-I. These observations have been reported in preliminary form (30) .
Methods
The studies were performed using cryptorchid crossbred lambs ofaverage weight 16 kg and age range 3-5 mo. The animals were housed indoors for at least a week before being studied, and during this time they were accustomed to slings in which they were restrained during the performance of the experiments. The animals were fasted for 48 h to reduce the interference of protein absorbed from the gut on the measurement of endogenous protein turnover. On the morning ofthe study the animals were weighed and placed in Pavlov slings. A dose of diazepam (0.3 mg/kg i.m.) was then administered and Surflo teflon catheters (Terumo Australia Ltd., Melbourne, Australia) inserted into the external jugular veins. A 20-gauge catheter was inserted caudally into one external jugular vein to enable infusion of isotopes and hormones, and a 16-gauge catheter was inserted rostrally into the contralateral vein to facilitate the taking ofblood specimens. The catheters were attached to three way taps via Portex manometer tubing (Portex Ltd., Hythe, UK) and the isotopes and test solutions were infused through this system by Vial Medical pumps (Vial M6dical, Grenoble, France).
The experimental protocol is illustrated in Fig. 1 . The priming dose for the isotopic infusions was administered at 0900 h, and during the first 180 min normal saline and isotopes were infused simultaneously while isotopic equilibrium was being reached. At the end of this period, blood specimens were collected to enable a baseline measurement of substrate turnovers. After this the test infusions were begun and continued over a 300-min period, during which time plasma specimens were taken at 60-min intervals. At the end of the test infusions, the animals were killed by intravenous injection of 5 g phenobarbitone and tissue samples of liver, heart, diaphragm, and psoas and hind limb adductor muscle were taken as rapidly as possible, washed in cold normal saline, blotted dry, and rapidly frozen in liquid nitrogen. All blood specimens were collected in chilled, heparinized tubes and were immediately centrifuged, and the separated plasma was frozen before being analyzed.
Hormone infusions
The animals were infused during the test period with one of five solutions: normal saline at a rate of 10 ml/h (n = 6), rhIGF-I at a dose of 2.0 nmol/kg -h (n = 4), or 6.7 nmol/kg* h (n = 6), rhIGF-II at a dose of 6.7 nmol/kgd h (n = 4), or recombinant human insulin at a dose of 0.17 nmol/kg * h (n = 4). The insulin dose was empirically chosen after preliminary experiments to result in the same percentage reduction in the plasma glucose concentration as the high dose (6.7 nmol/kg. h) IGF-I infusion. This represents an rhIGF-I/insulin molar ratio of 40:1. The low (2.0 nmol/kg. h) dose rhIGF-I was selected because although it resulted in a doubling of the baseline plasma IGF-I concentration, it Immediately before infusion, all of the hormones were dissolved in 55 ml normal saline, and 0.5 ml ofthe plasma from the animal to be infused was added to reduce hormone binding to the surface of the syringe and plastic tubing. The hormone/ normal saline solutions were infused at a rate of 10 ml/h.
Isotopic infusions
The rates of turnover of metabolic substrates were measured by the technique of primed constant infusion of stable and radioactively labeled tracers. The rate ofappearance (Ra) ofglucose was measured by 6 'H-glucose infusion of 7.5 nCi/kg. min after an 80:1 prime (31). The prime/infusion ratios were based on ratios previously established in studies in dogs and normal volunteers, and isotopic equilibrium was confirmed by specific activity measurements over the last 60 min ofthe baseline period. The rate ofappearance (Ra) ofurea was determined by a primed constant infusion of "N urea (rate 10 jg/kg -min and 450:1 prime) and whole body leucine kinetics were quantified by a primed constant infusion of"4C leucine at a rate of 7.5 nCi/kg -min after a 60:1 leucine prime (31). The Ra of urea enabled calculation ofthe net rate of protein loss (see Calculations), and the Ra of leucine was used as an indicator of the rate of total protein breakdown and subsequent amino acid release from the tissues. The protein fractional synthetic rates of the various tissues sampled were calculated from the rate of change of tissue '4C leucine specific activity (see Calculations).
The radio-isotopes were obtained from Amersham Laboratories (Buckinghamshire, UK) and the "N urea from Isotechnique.
Sample analysis
The plasma enrichment of "N urea was determined by first deproteinizing the plasma sample by addition of sulphosalicylic acid (31). The supernatant was then passed over a column of Dowex 50 W X 8 100-200 mesh hydrogen ion resin (Sigma Chemical Co., St. Louis, MO). The urea was washed from the column by rinsing with 2 N NH40H. The eluate was then dried and the atom percent excess was determined by an isotope ratio mass spectrometer.
The HPLC method of Nissen et al. was used in a modified form to determine the concentration of leucine in 1-ml plasma samples (32). The specific activity of leucine in the plasma was determined by first passing the plasma over Dowex 50-W hydrogen ion exchange resin (Sigma Chemical Co.) and washing the branch chain amino acids from the column with 4 N NH40H. The amino acids were then incubated with amino acid oxidase and catalase enzymes. The solutions were then back extracted and samples were injected into a high pressure liquid chromatograph, and 100-,gl aliquots of the isolated branch chain amino acids were added to a scintillant solution (ACS II, Amersham Australia Ltd., Sydney, Australia) and counted on a Rack Beta scintillation counter (LKB Wallac, Turku, Finland), and hence the specific activity of leucine was derived. Tissue specimens were defatted with ether, freeze dried, then hydrolyzed for 24 h in HCI at 1 10°C. The hydrolyzed specimens were then centrifuged, diluted, and processed as for plasma.
Plasma glucose specific activity was determined by first precipitating the plasma proteins with Ba(OH)2 and ZnSO4 solutions (33) . The eluate was evaporated to dryness, and reconstituted in 1 ml of distilled water. The glucose concentration of the reconstituted eluate was measured by an Hitachi 704 Autoanalyser (Hitachi, Tokyo, Japan), and 0.5-ml samples of the remainder were pipetted into glass scintillation vials and counted in 10 ml of ACS II scintillant (Amersham).
The plasma concentrations of glucose, urea, sodium, and potassium were measured by an Hitachi 704 Autoanalyser. -18 * * Plasma hormone concentrations IGF-I. Plasma IGF-I was measured by RIA using a rabbit antiserum to Figure 1 . The experimental protocol. Plasma specimens were taken at rh-metIGF-I (878/4) at a final titer of 1:150,000 (34) . The antiserum 60-min intervals between 0 and 300 min. has a cross-reaction with IGF-II of < 0.1%, a minimal detectable dose
Effects ofInsulin and Insulin Growth Factors on Lamb Glucose and Protein of 0.06 ng/tube, and a half displacement dose of 0.40 ng/tube. Before immunoassay, plasma samples were subject to acid-ethanol extraction with an additional cryo-precipitation step. This extraction and assay have been extensively validated for sheep plasma (34) . For example, the correlation between values for sheep plasma obtained using this extraction technique and those of Sephadex G75 chromatography in 1 M formic acid was r = 0.98 (P < 0.001, n = 10) and the slope of the linear regression was 1.02. Using this extraction system, the interassay coefficient of variation was 9.8% and the within assay coefficient of variation was 5.0%o (34) . Measurement ofcirculating molecularforms ofIGF-L The circulating molecular forms ofIGF-I in plasma were measured using a modification ofthe method ofButler and Gluckman (35) . In brief, aliquots of 500 ul were subjected to high-performance gel chromatography on a Superose 12 column (10 X 300 mm, Pharmacia Fine Chemicals, Uppsala, Sweden) fitted to a Pharmacia Fast Protein Liquid Chromatography System calibrated as described previously (36) . The column was equilibrated with 0.1 mol phosphate/liter buffer containing 0.15 mol NaCI/liter and 0.02% NaN3 (pH 7.2), and the samples were eluted with the same buffer at a flow rate of0.5 ml/min. Fractions of0.25 ml were collected after an 8-min delay into silicone-coated tubes containing 20 ,Ml of 1% BSA (wt/vol) in water. The fractions containing free IGF-I eluted at fractions 49-60. IGF-I associated with binding proteins of 35-60 kD eluted at fractions 39-48, and IGF-I associated with binding proteins of 120-160 kD eluted at fractions 29-38. These three groups of fractions were pooled and aliquots were subjected to acid-ethanol and cryo-precipitation extraction before RIA. The immunoreactive IGF-I eluting in the second pool is termed "35-60 kD" IGF-I and represents IGF-I bound to IGF binding protein-I and other low molecular weight binding proteins. The IGF-I eluting in the third pool is termed for convenience " 150 kDa" IGF-I and is primarily IGF-I associated with the IGF binding protein-3 and its acid labile subunit. Recoveries of unlabeled 'y-rhIGF-I added to the plasma before high-performance gel chromatography, extraction, and RIA were in the order of 95-110%. Complete linearity was found in the range of 0-500 ng rhIGF-I added per milliliter plasma. In pilot experiments, after '25I IGF-I administration in vivo (37) we found no alteration in the distribution of 125I IGF-I across the three pools when chromatographed immediately after sampling or after 24 h at 4VC or after a single freeze/ thaw cycle.
Insulin. Plasma insulin was measured by RIA using a guinea pig antiserum to ovine insulin at a final titer of 1:400,000. The assay has a minimal detectable dose of 0.15 ng/tube and a half displacement dose of0.40 ng/tube. The incubation mixture consisted of 100 Ml ofstandard or test plasma and 200 ;l of assay buffer containing ovine insulin antiserum. After preincubation at room temperature for 24 h, '251-labeled insulin (15,000 cpm) was added in 200 ,l of assay buffer and the incubation was continued for 18-24 h at 4VC. Bound and free insulin were separated by addition of 1 ml ofa second antibody complex containing 4% polyethylene glycol 6000 made up in 0.01 M PBS. The test tubes were then incubated for 1 h at room temperature and centrifuged at 3,000 g for 30 min at 4VC. The supernatant was decanted and the radioactivity in the remaining pellet was determined. The interassay coefficient of variation was 11.5% and the within assay coefficient of variation was 6.7%.
Calculations
The rates of appearance of urea, leucine, and glucose were calculated using either the Steele equation ora modification ofthe Steele equation applicable to stable isotopic tracers (30, 38) . For the radioactive tracers, Ra = fISA, where f is the rate of infusion of isotope (decays/min/ kg. min) and SA is specific activity (decays/min/Mumol). For 
Results

Plasma hormone concentrations
The low and high dose rhIGF-I infusions increased the plasma IGF-I concentration above baseline by two-and fivefold, respectively, whereas infusion of rhIGF-II reduced the plasma IGF-I concentration by almost half (Fig. 2) . The plasma concentration of IGF-I did not change significantly during the insulin infusion.
The distribution of IGF-I between binding-protein bound (35- at 120 min and 300 min during the IGF-I infusions and at 300 min during the saline infusions (Fig. 3, a-c) . The level of free IGF-I in the normal saline controls was below the limit ofsensitivity of the column chromatographic extraction and RIA (40 ,ug/liter); however, measurable amounts were present after both the rhIGF-I infusions (67±4 ,1g/liter and 240±54 Jsg/liter for the low and high dose infusions, respectively). The patterns of percentage distribution of the protein bound and free forms of IGF-I were almost identical between the low and high dose IGF-I infusions. The infused rhIGF-I appeared to associate preferentially with the 35-60-kD rather than the 1 50-kD binding proteins. The plasma insulin levels were below the limit ofsensitivity of the RIA used (0.15 ug/l) both before and during normal saline, IGF-I, and IGF-II infusions. Insulin infusion significantly increased the plasma insulin level from < 0.15 Ag/liter to 0.73±0.13 gg/liter at 300 min.
Glucose metabolism
Normal saline. The plasma glucose concentration (Fig. 4) , glucose rate of appearance (Fig. 5) , and the rate of glucose clearance (Fig. 6 ) did not alter significantly over the duration ofthe normal saline infusion. rhIGF-I 2.0 nmol/kg * h. Despite a doubling of the plasma IGF-I level by the end of this infusion and the presence of detectable quantities offree IGF-I in the plasma, no changes in the three parameters of glucose metabolism were observed (Figs. 4-6) .
rhIGF-I 6.7 nmol/kg-h. There was a 41% reduction (P < 0.01) in the plasma glucose concentration by the end of the high dose IGF-I infusion (Fig. 4) , which reflected a 55% increase (P < 0.01) in the rate ofglucose clearance (from 3.8±0.6 ml/kg * min to 5.9 ml/kg -min; Fig. 6 ). The rate of glucose appearance was unaltered.
rhIGF-II 6.7 nmol/kg h. Glucose clearance increased by 15% over the course ofinfusion ofthis hormone (P < 0.05, Fig.  6 ). However, as this effect was associated with a tendency for the Ra of glucose to increase (Fig. 5) , the plasma glucose concentration was not significantly changed (Fig. 4) .
Insulin 0.17 nmol/kg * h. The plasma glucose concentration decreased by 44% over the duration of this infusion, from 3.6±0.3 mmol/liter to 2.0±0.5 mmol/liter (P < 0.05, Fig. 4 Figure 6 . Effect of rhIGF-I 2.0 nmol/kg. h (A), rhIGF-I 6.7 nmol/ kg h (A), rhIGF-II 6.7 nmol/kg h (o), insulin 0.17 nmol/kg-h (a), and normal saline (o) infusion on rate of glucose clearance. (*) P < 0.05, (**) P < 0.01 compared with 0 min, all data are means±SEM.
There was a transient reduction in the Ra of glucose that was maximal at 180 min (Fig. 5) , but a progressive increase in the rate of glucose clearance (Fig. 6 ).
Plasma electrolytes
None ofthe test infusions altered the plasma concentrations of Na', C1-or urea. Over the course ofboth the high dose rhIGF-I and insulin infusions, the plasma K+ concentration was re-. duced from 3.8±0.1 mmol/liter to 3.1±0.1 mmol/liter (P < 0.01) and from 3.9±0.1 mmol/liter to 3.3±0.1 mmol/liter (P < 0.01), respectively.
Protein metabolism Normal saline. The Ra of urea in one of the animals decreased markedly, and the data from this animal was disregarded, being >5 SD beyond the mean. There was a small but consistent reduction in the mean rate of net protein loss of 3% (P < 0.05) over the 300-min normal saline infusion (Fig. 7) . The Ra of leucine was not altered significantly by the normal saline infusion (Fig. 8) , and the protein fractional synthetic rates of the tissues samples are illustrated in Fig. 9, a- the low dose IGF-I infusion (P < 0.05). This equatesto an 1 1% reduction in the rate of net protein loss relative to the normal saline-infused controls. The Ra of leucine was not significantly altered by this dose of IGF-I (Fig. 8) , and in none ofthe tissues sampled was the FSR significantly different from those of the normal saline-infused controls (Fig. 9, a-e) . IGF-I 6.7 nmol/kg-h. The rate ofnet protein loss decreased significantly over the time of the high dose rhIGF-I infusion from 3.5±0.2 g/kg* d to 2.9±0.2 g/kg -d (P < 0.005), which represents a 15% reduction in NPL relative to the saline infused controls (Fig. 7) . The rate of leucine appearance fell sequentially over the time ofthe infusion from 5.0±0.4 gmol/kg * min to 3.4 Asmol/kg * min (P < 0.01) (Fig. 8) . The FSR in adductor and psoas muscle were increased (P < 0.05). The FSRs in cardiac and diaphragmatic and cardiac muscle were approximately twice that observed in the saline controls (P < 0.01) (Fig. 9, a-d) . Similarly, the FSR ofliver tissue was significantly higher in the high dose IGF-I infused animals (P < 0.05) (Fig. 9 e) . IGF-II 6.7 nmol/kg-h. The rate of NPL was not significantly altered by the infusion of this hormone. There was a tendency for the Ra of leucine to decline over the early part of the infusion (Fig. 8) . In none of the tissues sampled was the FSR significantly different from those measured in the saline infused controls.
Insulin 0.17 nmol/kg -h. A reduction in NPL from 4.1±0.4 g/kg. d to 3.5±0.3 i/kg-d (P < 0.05) was observed during the insulin infusion, representing a 12% reduction relative to the normal saline-infused controls. The leucine Ra was not significantly altered (4.6±0.2 ,umol/kg-min to 4.0±0.5 gmol/ kg-min), and in none of the tissues sampled was the FSR different from the control values.
Discussion
In this study, isotopic tracer methodology was used to investigate the metabolic effects of short-term infusions of rhIGF-I and -II in fasted lambs. These effects were compared with those of an insulin infusion of the same hypoglycemic potential as the rhIGF-I infusion. The metabolic response to a lower dose of rhIGF-I that did not induce hypoglycemia was also investigated. We observed that rhIGF-I is more potent than rhIGF-II in increasing the rate of peripheral glucose clearance and less potent than insulin (with an rhIGF-I/insulin dose ratio of 40:1 having the same hypoglycemic effect). The rhIGF-I and insulin infusions reduced the rate ofnet protein loss to a similar extent, although only the high dose rhIGF-I infusion clearly stimulated protein synthesis in all of the tissues sampled. At lower doses of rhIGF-I infusion, protein metabolism was altered in the absence of any effect on carbohydrate metabolism. The rhIGF-II infusion did not reduce the rate of net protein loss or stimulate protein synthesis.
In the physiological state, < 1% ofthe total plasma IGF-I is not associated with binding proteins (19, 20) , and although the amount of free IGF-II has not been measured, it is likely that only negligible amounts are present under normal conditions given the relatively greater affinity of human (4), ovine (21), and rat (40) binding proteins for IGF-II relative to IGF-I. The hypoglycemic action of the IGFs has been attributed to the presence of free hormone in the plasma (7) as protein-bound IGF-I may be prevented from interacting with the insulin receptor. When large amounts ofexogenous IGF are infused rapidly, the capacity of the binding proteins may be exceeded, allowing unbound IGF in the plasma. At almost four times more free IGF-I after the high dose infusion (Fig. 3, b and c) . Only the high dose infusion effected an increase in the rate of peripheral glucose clearance (Fig. 6 ). It would appear reasonable to conclude that a threshold level of free IGF-I in the plasma must be exceeded before a measurable increase in glucose clearance occurs, although in our studies we have not directly distinguished differences in the roles of free and protein-bound IGF-I. rhIGF-II also significantly accelerated the rate of glucose clearance, but the magnitude of this increase was less than one-third as great as that ofthe same dose of rhIGF-I. Although not measured directly, we infer from this result that there was a significant amount offree IGF-II present in the plasma and that this was responsible for the increase in glucose clearance. The apparently less potent hypoglycemic action of the IGF-II may reflect the greater affinity of IGF-II for the plasma binding proteins and consequently reduced amount of free IGF-II present. Alternatively, free IGF-II may be cleared more rapidly than free IGF-I. The actions of the high dose rhIGF-I and rhIGF-II infusions on glucose metabolism could be distinguished from those ofinsulin. Whereas the hypoglycemic action ofinsulin resulted from both an increase in the rate of glucose clearance and a reduction in the rate of glucose release, both IGF-I and IGF-II failed to suppress the rate of glucose production. Jacob and colleagues (14) have described a similar disparity in responses between insulin and IGF-I in 24-h fasted adult rats. These observations suggest that not all the actions of IGF-I on carbohydrate metabolism can be ascribed to actions on the insulin receptor. The issue of whether the effects of IGF-I on carbohydrate metabolism are mediated via the insulin receptor has been controversial (18) . Our data favor at least some independent effects. The differential effect of the hormones on carbohydrate metabolism may reflect a greater sensitivity of hepatic tissues to the hypoglycemic actions of insulin and would be consistent with the relative paucity of IGF receptors on liver cells except during times of growth (41) .
The high and low dose rhIGF-I and insulin infusion resulted respectively in a 15, 1 1, and 12% reduction in the rate of net protein loss relative to the normal saline infused controls (Fig. 7) . The ability of IGF-I to promote growth after chronic administration or conserve protein over the course of shortterm infusions has been observed in hypophysectomized (I 1) and diabetic rats (13) , but there are few in vivo data clarifying whether the anabolic actions of this hormone represent a reduction in catabolism, a stimulation of protein synthesis, or a combination of both. In our animals that received the high dose rhIGF-I infusion, the rate ofleucine flux was significantly lowered, implying that the rate of whole body protein catabolism is reduced by IGF-I. As the rate of '4C-labeled leucine incorporation into the five tissues sampled was elevated, we conclude that the protein-conserving effects of IGF-I result from both a reduction of catabolism and an acceleration of protein synthesis. However, in interpreting these data it must be remembered that we have measured only the effects of short-term infusions ofrhIGF-I, and that the observed changes in protein kinetics would not necessarily be sustained if the infusions were to be maintained for longer periods.
Our observations contrast with those of Jacob and coworkers ( 14) who have reported that in normal adult rats a high dose IGF-I infusion of short duration reduced the rate of protein degradation without accelerating the rate of synthesis.
Rather, infusion of IGF-I reduced the rate ofleucine uptake by muscle and liver tissue and the effects of IGF-I on protein kinetics observed in that study were almost indistinguishable from those of insulin. There exist several differences between our study and that of Jacob and co-workers that may account for the disparity in the observed effects on protein synthesis. In the latter study, IGF-I was infused at a rate five times faster than in our own and a substantial loading dose was administered. It is probable that the amount offree IGF-I present in the plasma was such that there was considerable crossreaction with the insulin receptors, conceivably masking differences of action of IGF-I and insulin. There exists also the possibility of differences in response between adult rats used in their study and growing lambs used in the present study; for example, hepatocytes appear to lose their IGF-I receptors with maturity (41) .
The mechanism ofthe protein conservation seen in the low dose rhIGF-I and insulin-infused animals is less clear than in the high dose IGF-I group. Although in both groups the mean Ra of leucine tended to decrease over the duration of the infusion, in neither was this change consistent or statistically significant. Similarly, the rate of leucine incorporation into skeletal muscles, which because of their bulk have the greatest influence on whole body kinetics, was not significantly increased. As stated above in the methodology section, the extent of changes in the FSR after hormone infusion has been underestimated in our studies. Accordingly, the methodology used may have failed to detect a small increase in FSR after the low dose rhIGF-I or insulin infusions. Nevertheless, given the magnitude of the effect on FSR and leucine Ra of the high dose rhIGF-I infusion, it is clear that there are important differences in the effects ofrhIGF-I and insulin infusion on protein metabolism.
No protein anabolic effects were attributable to the rhIGF-II infusions: this result is consistent with the limited in vivo data on the effects of this hormone on growth. Schoenle and co-workers (16) administered a 6-d subcutaneous infusion of IGF-I and IGF-II to hypophysectomized rats and found that IGF-I but not IGF-II led to an increase in body weight and that although both hormones stimulated widening ofthe costal cartilage, IGF-II was clearly less potent than IGF-I. Both hormones have been reported to increase collagen synthesis and reduce collagen degradation in rat calvarial cultures, but IGF-I was approximately three times more potent than IGF-II (17) . The protein anabolic potential, if any, of infused rhIGF-II is likely to be counteracted by the resultant lowering plasma of IGF-I levels that has been observed by us (Fig. 2) and by others in rats transplanted with IGF-II secreting tumors (42) .
During the infusion of rhIGF-I, most associated with the 35-60-kD binding protein fractions and there was no significant increase in the 150-kD bound form. In contrast, after growth hormone administration the increase in circulating IGF-I is associated with both fractions and particularly with the 150-kD form (43) . As the pattern of distribution of IGF-I across IGF binding proteins is different in response to growth hormone administration than during rhIGF-I infusion, it is reasonable to anticipate that there will be differences in the metabolic effects of the raised plasma IGF-I levels in these two circumstances. While the function of the differing circulating forms of IGF-I has been a subject of speculation (44) , no firm conclusions can be drawn from the available data. As free IGF-I does not rise substantially after growth hormone administration in sheep but remains < 2 Ag/liter (Hodgkinson, S. C., J. J.
Bass, and P. D. Gluckman, personal communication), it would appear most likely that IGF-I in the 35-60-kD fraction is responsible for the anabolic actions we observed. This size range includes at least three potential forms of IGF-I: that associated with BP-1, BP-2, and BP-3 not complexed into the 150-kD form. It has recently been established that IGFBP-I is able to cross intact vascular barriers in the rat heart (45), which suggests that the binding proteins may have an active role in influencing the actions of IGF-I within the tissues.
In summary, we have observed that infused rhIGF-I can reduce plasma glucose by increasing glucose clearance and conserve protein by both encouraging protein synthesis in various tissue and by reducing protein metabolism. These observations support the postulation ofO'Sullivan and colleagues (15) that circulating IGF-I plays a role as a regulator ofprotein metabolism in the fasted state. The metabolic effects ofrhIGF-I could be distinguished from those of an insulin infusion of equal hypoglycemic activity: the insulin infusion reduced the rate of glucose production whereas rhIGF-I did not, and insulin did not accelerate tissue protein synthesis. These observations suggest that at least some ofthe metabolic effects ofcirculating IGF-I are mediated by receptors other than those for insulin. As a low dose rhIGF-I infusion was able to reduce net protein loss without influencing glucose kinetics, we infer that protein metabolism is more sensitive than carbohydrate metabolism to circulating rhIGF-I. The protein-sparing effect of rhIGF-I did not appear to be shared by rhIGF-II infusion ofthe dose investigated.
The anabolic effects of rhIGF-I may have therapeutic potential for severely septic or multiply injured surgical patients with a high rate of protein catabolism. In particular, stimulation of protein synthesis in cardiac and diaphragmatic muscle by exogenous rhIGF-I, combined with a putative positive inotropic action of this hormone (46) , may be useful in the treatment of sepsis-related cardiopulmonary failure.
